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Abstract 
The tourmaline mineral group has a highly complex chemical composition and 
provides a wealth of infomlation on Earth ' s processes. Past research has revealed 
numerous mysteries regarding the structure of the boron triangle within tourmaline, 
especially as it bonds to the Z- and Z'- cation sites. Although the Z- and 2' - are 
nominally the same site, the 2'-site has a greater effect on the stereochemistry of the 
boron triangle. Further, the Z' -site has a shorter bond-length with the boron triangle than 
the Z-site. We hypothesize that this variation affects the stereochemistry of the boron 
triangle, and have analyzed a database of tourmaline crystal-structure data consisting of 
99 tourmaline samples representing 13 tourmaline species to determine the validity of our 
hypothesis. Overall, the data supports this hypothesis. It was found that the Z' -site forms 
a more linear angle with the boron triangle than the Z-site, allowing 2'- to have a greater 
effect on the stereochemistry of the boron triangle. 
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Chapter 1: Introduction 
1.1 Tourmaline: An Introduction 
Tourmaline is a borosilicate mineral group which has the chemical formula of 
XY3Z6T6018(B03hV3W. It is in the cyclosilicate mineral class. It is a very complex 
mineral with a large degree of variation in its chemistry. The X-, Y-, Z-, T-, V-, and W-
sites can a ll be occupied by various elements or, in some cases, may only be partially 
occupied. Its cation sites consist of the X-, Y-, Z-, T- , and B-sites. The anion sites consist 
of the 0-, V-, and W-sites. lt has trigonal symmetry and is a fairly hard mineral with a 
hardness of7-7.5 on Mohs Hardness Scale. The most widely occurring species of 
tourmaline are elbaite, schor!, ciravite, and uvite (Mindat.org, 20 13). 
Due to its complexity, tourmaline can provide more information than many other 
minerals about its environment of format ion. Certain species of tourmaline will occur 
only in specific environments or under certain conditions. For example, some will only 
form under great pressure, or when temperatures are very high. By studying the 
chemistry of tourmaline much can be learned about how it formed, where it formed, and 
what other minerals may be found around it. Mineralogists can use thi s information to 
predict where tourmaline may be found in the future, as well as predict the locations of 
important minerals that may be fo und with it (Sochalski, 2008). For example, because 
there is a great amount of chromium in its chemical structure, a tournlaline species such 
as chromo-alumino-povondraite is likely to be found in an area with other chromium-rich 
mineral s. Compare th is with a much simpler mineral , such as quartz. Quartz has the 
chemical formula of Si02• Because silicon and oxygen are so abundant on our planet, 
quartz can be fou nd all over the world. However, there is essentiall y no variation in its 
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chemistry, so it provides less info rmation about where it formed or what minerals may 
have formed with it. Like quartz, tourmaline forms in many different environments all 
around the world. However, tourmaline can provide much more infom1ation than a 
simpler mineral li ke quartz because, due to its complex chemical structure, certain 
species will only fom1 in certain 
environments. 
The elements occupying 
tourmaline's numerous sites can 
vary greatly, as seen below: 
x- a, Ca,K, O 
Y _ Al F 2+ M 2+ F 3+ L· Mn2+ , e, g, e , 1, 
T - Si, AI, B 
v- OH, 0 
W-OH, F,O 
Figu re 1.1 The tounnaline cell structure (from 
Clark-McCracken, 2002). 
While these are the most commonly reported elements for these sites, other elements 
have been reported, especially in the Y- and Z-sites. 
Tourmaline species are differentiated based upon their chemistry. Species names 
which start with the prefix fluor- have the anion F- in their W-site, whi le species with no 
prefix generally have OK in the W-s ite. Povondraite and chromo-alumino povondraite do 
not follow this trend as both have 0 in the W-site. Of the more common types of 
tourmaline, elbaite species are rich in Na, Li, and AI, schqrl species are rich in Na and 
Fe2+, dravite species are rich in a and Mg, and uvite species are rich in Ca, AI, and Mg. 
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Of the less common species, chromium-dravite is rich in Na, Mg, and Cr, chromo-
alumino-povondraite is rich in Na, Cr, AI, and Mg, and povondraite is rich in Na, Fe3+, 
and Mg (Table 1.1; Mindat.org) . 
T bl 1 T a el. r d ourma ll1e species ll1 stu y sUite an d h . I C emlca compositions 
Species Composition 
Elbaite Na(Li I ;Al lj)AI6S i6018(B03h(OH)30 H 
Fluor-e1baite Na(Li 1.5A1l s)AI6Si60 Is(B03h(0 HhF 
Dravite NaMg] Al6Si60I 8(B03h(0H)30H 
Fluor-dravite NaJ.'v1~A I 6Si601 8(BOJ)J(OH)3F 
Schor! NaFe2+JAI6Si601 8(BOlhtOH)JOH 
Fluor-schor! NaFe2+JAI6Si60 18(B03h(OHhF 
Uvite CaM°l(AljMg)Si601 8(BOl)l(OH)30H 
Fluor-uvite CaMgJ(A ljMg)Si60Is(BOJh(0H)JF 
Liddicoatite Ca(Li2AI)AI6Si6018(BOJ)J(OH)JOH 
Foitite D(Fe2+2AI)Al6Si601 8(BOJ)JC0H)30H 
Chromo-alumino-povondraite NaCrJ(AI4Mg2)S i6018(B03)3(OH)30 
Chromium-dravite NaM~Cr6Si601 8(BOJMOH)JOH 
Povondraite NaFe3+ ,(FeJ+4Mg2)Si601 8(B03)3(0H)lO 
1.2 The boron Iriangie 
The research presented here will focus on how the boron triangle relates to the Z-
and Z' -sites in tourmaline. The boron triangle consists ofa single boron atom bonded to 
three oxygen atoms. Two of these oxygen atoms are labeled 08, as see in Figure 1.1, 
while the other is labeled 02. Together, the B, 0 2, and two 08' s make up the boron 
triangle. The boron triangle is then bonded to two Y-sites and an X-site by its 02-site and 
a Z- and Z' -site are each bonded to an 08-site (Sochalski , 2008). 
The B-site in tourmaline is one of the only sites which does not vary in chemistry; 
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it is always occupied by a boron atom. The only other sites which do not vary are the 0-
sites, which are always occupied by oxygen (Mindat.org, 2013). The B-site is oriented in 
a plane with the 02- and 08-sites which together make up the boron triangle. 
The Z-sites are very complex. They can be occupied by Mg, AI, Cr3+, Fe)+, or y lt-
and are coordinated with six oxygens (MindaLorg, 20\3). The Z-site is divided into two 
sites relative to the boron triangle, a Z- and Z' -, which are both bonded to the B-site 
through a single 08 in the tourmaline unit cell. The Z- and Z' - each have a di fferent 
relationship with the boron triangle, which is why they are labeled differently. The llZ '-
sites are unique in the tourmaline cell because they form a screw axis with the Z-sites 
above and below them when there are multiple unit cells present. The Z' -site for one cell 
is the Z-site for the cell immediately adjacent while the second cell's Z' -site is the Z-site 
for a third cell adjacent to the second cell , etc. (Sochalski, 2008). This continues 
throughout the entire tourmaline structure (Figure 1.2 B). 
A B 
6 TO, 
T 80, 
© YO, 
<E--- a ) 
Figure 1.2 A) Tourmaline structure viewed parallel to the c-axis B) Tourmaline 
structure viewed perpendicular to the c-axis ("The tourmaline structure") 
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1.3 Prior Research 
The chemical makeup of tourmaline can be difficult to quantify. One common 
way to measure the chemistry of tourmaline and determine the species is through electron 
microprobe analysis (EMPA). EMPA can measure which elements are present in the 
tourmaline sites, but only to an extent. Certain elements are too light for the EMP A to 
measure. Lithium and hydrogen are both present in different types of tourmaline and 
cannot be measured by the EMP A. Boron could not be measured until very recently 
Since hydrogen cannot be directl y measured, assumptions must be made as to whether 
0 2- or (OHr occupies the V- and W-sites. A second problem in determining tourmaline 
chemistry is that oxidation states are difficult to measure. In tourmaline it has proven 
difficult to determine whether the iron present is felTous (Fe2+) or ferric (Fe3). It is 
generally assumed that the iron present in tourmaline is Fe2+ unless there is some 
evidence to the contrary (Clark, 2007). 
Due to the above problems, Clark et al. (2008) developed a method to help 
determine both chemistry and valence state by using the relative lengths of the B-02 and 
B-08 bond-lengths. They found that there was an inverse relationship present between 
the B-02 and B-08 so that as one increased, the other decreased. The relative lengths of 
the B-02 and B-08 varied based upon species, providing information as to both the 
chemistry involved and the valence state of the sites. The largest control on the variability 
in the bond-lengths of the B-02 and B-08 was found to be the Z-'site (Clark et aI. , 2008). 
1.4 Statement of the problem 
The Z- sites in tourmaline are identical. They corkscrew throughout the entire 
5 
tourmaline structure from one unit cell to the next so that the Z-site for one cell is the 2'-
si te for another. Both the Z- and 2' -sites in a single cell are occupied by identical atoms. 
Because of the ir similarity, it is unclear why the Z' -site has a greater control over the 
B-02 and B-08 bond-lengths of the boron triangle when compared to the Z-site. Further, 
the Z- and Z' -sites are bonded to the same 08 anion but the Z '-site has a shorter bond-
length than the Z-site. The primary purpose of this research is to determine why the 2' -
site has greater control on the stereochemistry of the boron triangle when compared to the 
Z-site. 
Because the Z- and Z '- are actually the same site in different un it cells, the 
stronger effect of the 2' - cannot be based solely on chemistry. Therefore, it is likely the 
structure of the tourmaline unit cell which gives the 2'- its greater influence. Because 
complex atomic structures such as tourmaline can be difficult to picture, it is useful to 
imagine a structure with clean lines and planes to help simplify a very abstract idea. 
However, structures in the real world are rarely this simple. Often, the stereochemistry of 
a substance is far more complex than expected, possessing minute details in bond-angle 
and length that are diffic ult to predict. This is the case with tourmaline. 
1.5 Hypol hes is 
Our hypothesis is that the greater influence wielded by the 2'- cation is due to a 
slight tilt in the boron triangle which aligns the B-, 08-, and 2' -sites more linearly than 
the B-, 08-, and Z-sites, creating a greater attractive force between the former sites. 
Attractive forces acting in a straight line should be stronger than those which are 
nonlinear, all other things being equal. The attractive forces between two atoms can be 
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measure based upon the strength of 
their charges. A stronger charge 
means a stronger attraction which, in 
tum, leads to a shorter bond-length. 
Again, this is assuming all other things 
being equal. When more than two atoms 
are bonded, the same principles apply, but 
the relative positions of the atoms must 
also be taken into account. If the atoms 
are arranged in a linear fashion, the 
attractive forces between them will add 
Figure 1.3 A linear bond between atoms 
Figure 1.4 A nonlinear bond between atoms 
together to create a stronger force on each individual atom than when compared to atoms 
which are arranged nonlinearly. For example, if the atoms involved are the same, the 
atoms in Figure 1.3 should have a larger effect on each other than the atoms in Figure 1.4. 
The linear nature of the bonds shown in Figure 1.3 should also result in shorter bond-
lengths between atoms when compared to the bond-lengths in Figure 1.4. In the same 
way, if the angle between the Z' -site and the boron triangle is more linear than the angle 
between the Z-site and boron triangle, then it should have a stronger effect on the boron 
triangle than the Z-site. This could explain why the Z' -site has a stronger effect on the B-
02 and B-08 bond-lengths of the boron triangle when compared to the Z-site. The 
stronger attractive forces between more linearly arranged atoms could also explain why 
the Z' -site has a shorter bond-length to the 08- anion than the Z-site. Additionally, the 
closer proximity of the Z' -site to the boron triangle may also amplify its effect on the 
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boron triangle when compared to the Z-site. 
Bond-length and angle data gathered from Single-crystal X-ray diffraction (S-
XRD) will be used to determine whether a more linear angle is present between the Z' -
site and the boron triangle than between the Z-site and the boron triangle. This same data 
will then be used to determine the relationship present between the Z-sites and the boron 
triangle based upon the Z-si tes' effect on the B-08 bond-length. The B-08 bond-length is 
used because it is an integral part of the boron triangle and because it shares an oxygen 
with the Z- and Z' -sites. 
Secondarily, bond-length and angle data will be used to examine the relationship 
between the Z' -site and boron triangle by analyzing the relationship between the Z' -sites ' 
bond-angle with the B-02 bond-length. The B-02 is used because, like the B-08, it is a 
part of the boron triangle. However, it is further from the Z-sites than the B-08 bond, so 
is not examined in as much detail. Bond-length and angle data wi ll also be used to 
detennine whether the angle of the boron triangle with the Z-sites effects the bond-
lengths between the boron triangle and the Z-sites. 
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Chapter 2: Methods 
2.1 Materials 
The data fo r this research was taken from a database of tourmaline structure and 
chemistry information (C lark-McCracken, 2002). This included bond-angle and bond-
length data for 99 samples of tourmaline consisting of 14 different species. The spec.ies 
present were elbaite, fluor-elbaite, dravite, fluor-dravite, schod, fluo r-schod , uvite, fluor-
uvite, liddicoatite, foitite, chromo-alumino-povondraite, chromium-dravite, povondraite, 
and buergerite. Buergerite, however, was not used for my analyses because there was no 
bond-angle data available for it in this database, and so is absent from my research. Some 
species were much better represented than others, as can be seen in Figure 2.1. 
18 ~-----------------------------------------------------
16 +----
14 
12 
10 
8 
6 
4 
2 
o 
Figure 2.1 Tourmaline species and number of samples present 
All of the structural data was gathered using S-XRD, which, according to Clark 
and Dutrow (2007) " is a non-destructive analytical technique which provides detailed 
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information about the intemal lartice of crystalline substances, including un it ce ll 
dimensions, bond-lengths, bond-angles, and details of site-ordering". S-XRD is an 
incredibly useful tool when gathering stmctural data from a mineral. It works by 
bombarding an optically clear mineral with X-rays and then using the diffraction angle of 
the radiation to determine the structure of the mineral (Clark & Dutrow, 2007). 
2.2 The Database 
A database was formed by sifting through the S-XRD data taken from Clark-
McCracken (2002). Because the amount of information present in the analysis of even a 
single tourmaline specimen is vast, only data related to the Z-sites and the boron triangle 
was added into the database. Specifically, the bond-lengths between the B-site and the 
08-site (B-08), the bond-lengths between the B-site and 02-site (8-02), the bond-
lengths between the 2' -site and 08-site (2' -08), and the bond-lengths between the Z- and 
08-sites (Z-08) were the only bond-length data gathered .. For bond-angles, only the 
angles between the Z' -, 08-, and 8- (2' -08-B), Z, 08-, and B- (Z-08-B), and 08-, B-, and 
02-sites (08-B-02) were added to my database. 
2.3 Comparison of data 
After the data was gathered into a database, it was analyzed using numerous 
scatter-plot graphs. The variables used in these graphs were the 2' -08-B bond-angle, the 
2-08-B bond-angle, the 08-8-02 bond-angle, the 2' -08 bond-length , the Z-08 bond-
length, the B-08 bond-length, and the B-02 bond-length. The vast majority of plots, 
however, were based on comparing the relationship between the Z'-08-B and Z-08-8 
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bond-angles with the B-08 bond-length, particularl y wi thin tourmali ne species. 
2.-1 The least-squares method 
To determine the strength of the relationship present between variables, the least-
squares method was used in the graphing software. This application creates a trend line 
for the data plotted and also provides the equation of the line and the R2 value. Linear 
regression was used because there were only two variables present. The equation for 
linear regression using the least-squares method is: 
Equation 1 (m=slope of the linear regression, x, and y , 
= starting values of the x and y values, respectively, and 
x and y = ending values of x and y values) 
The V- in tercept of the line was found using Equation 2 on the graphing software: 
y =mx + b 
Equation 2 Slope-intercept form of a line 
Once the graphing software determines an R2 value, an r value can be fo und by 
simply taking the square root of the R2 value. The r value gives a good indication of the 
strength of the correlation between two variables. The closer the r value is to I, the better 
the corre lation. An r value under 0.2 is typically considered insignificant (Sochalski , 
2008). 
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2.5 Limitations 
The main limitation to the research was a lack of data. While 99 samples of 
tourmaline provided the necessary data to complete the research, some species of 
tourmaline were much better represented than others. This was particularly true of the 
species which often acted as outliers, such as chromo-alumino-povondraite, chromium-
dravite, and especially povondraite. Additionally, bond-angle data was not available for 
eight samples, further reducing the dataset. Wi th more data, the accuracy of the research 
would be greatly increased, as it is unclear whether some of the less well-represented 
species really follow the trends seen in the other species. 
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Chapter 3: Results 
3.1 Comparison of the Z-siles and B-08 bond-length 
The bond-angle data provided from S-XRD was analyzed to determine whether 
the z" -08-B bond-angle was greater than the 2-08-B bond-angle. Note that there are 99 
samples present, but onl y 91 were analyzed. This is because bond-angle data was only 
available for 91 ofthe 99 samples. Only 13 species of tourmaline were analyzed because 
there was no bond-angle data for buergerite. 
All data was found using S-XRD from the work of Clark-McCracken (2002). The 
Z' -08-8 bond-angle is greater and closer to 180 degrees than the Z-08-8 bond-angle for 
all samples. The Z' -08-B had a mean, median and mode closer to 180 degrees as well 
(Table3. I). 
Table 3.1 Bond-angle statistics for 
a II" I samples 
Z'-08-B Z-08-B 
Mean 133.1 125 .6 
Median 133. 1 125.5 
Mode 133 .5 125.2 
Range 131. 1- 135 .4 124. 1-1 27 
Figures 3.1 and 3.2 are plots of the overall relationship present between the 
Z' -08-B bond-angle and B-08 bond-length and between the Z-08-B bond-angle and 
B-08 bond-length for a ll species, respecti vely. Figures 3.3-3.10 plot these same variables 
for various species of tourmaline. The OR and the F- species of the same root tounnaline 
were plotted together for Figures 3.3-3.10 due to similari ties in chemistry. 
Figure 3.1 is a plot of the 2' -08-8 bond-angle versus the 08-B bond-length for all 
species of tourmaline. Overall, there is a negative trend with an r value of -0.25. This 
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shows a weak relationship between the Z' -08-8 bond-angle and 8-08 bond-length 
between species. As the Z' -08-8 bond-angle increases, the 8 -08 bond-length decreases . 
The trend is negative within each species as well, except for liddicoatite and chromium-
dravite. Chromium-dravite plots very differently than every other species for all data. 
Figure 3.2 shows the relationship between the Z-08-8 bond-angle and the 8-08 
bond- length. As the tourmaline data shows in Figure 3.1 , there is a weak negative 
relationship present with an r value of -0.25. There are fe wer outliers here, however, as 
chromium-dravite plots near the other species. Also, unlike the data seen in Figure 3.1, 
the trends within species are mai nly positive, with only schor!, fluor-schorl , foitite, and 
chromium-dravite having negati ve trends (see Figures 3.4 and 3.6). 
Figures 3.3 and 3.4 compare the relationship between the 8-08 bond- length and 
the bond-angles of the Z-sites for elbaite and fluor-elbaite. There is a much stronger 
relationship present between the bond-angle of the Z-sites with the boron triangle within 
species when compared to the relationship between species overall as the data show in 
Figures 3.1 and 3.2. Figure 3.3 shows the relationship between the Z' -08-8 bond-angle 
and the 8-08 bond-length for elbaite and fluor-elbaite. As the Z' -08-8 angle increases, 
the 8-08 bond-length decreases. The r value in Figure 3.3 is -0 .63, denoting a moderate-
strong relationship between the Z' -08-8 bond-angle and the 8-08 bond-length in elbaite 
and fluor-e1baite. The respective r values of elbaite and flLlor-elbaite are -0. 18 and -0.38. 
Figure 3.4 shows the relationship between the Z-08-8 bond-angle and the 8-08 bond-
length for elbaite and fluor-elbaite. Unlike the relationship between the Z' -08-8 bond-
angle and 8-08 bond- length for elbaite and fluor-elbai te (Fig 3.3), here there is a positive 
relationship rather than a negative one. As the Z-08-8 bond-angle increases, so does the 
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B-08 bond-length. The r value of the plot is 0.63 , the same as the data shown in Figure 
Figures 3.5 and 3.6 compare the relationship between the 8-08 bond-length and 
bond-angles of the Z-sites for dravite and fluor-dravite. Again, there is a much stronger 
correlation between the bond-angle of the Z-sites with the boron triangle within these 
species than there is between all species (Fig 3.1 and 3.2): Figure 3.5 shows the 
relationship between the Z' -08-8 bond-angle and the 8-08 bond-length for dravite and 
fluor-dravite. As seen previously, there is a negative relationship present. As the Z' -08-8 
bond-angle increases, 8-08 bond-length decreases. There is a much greater correlation 
present between dravites and fluor-dravites than for elbaites and fluor-elbaites (Fig 3.3 
and 3.5). The r value is -0.76, which signifies a strong relationship present. The r values 
for dravite and fluor-dravite are -0.66 and -0.38, respectively. Figure 3.6 shows the 
relationship between the Z-08-8 bond-angle and the 8-08 bond-length for dravite and 
fluor-dravite. As with the elbaite and fluor-elbaite (Fig 3.4), there is a positive 
relationship between the Z-08-8 bond-angle and 8-08 bond-length. However, the 
correlation is stronger than the one shown in Figure 3.4. The r value for dravites shown in 
Figure 3.6 is 0.66, which is a strong correlation. However, this is weaker than the effect 
the Z' -08-8 bond-angle has on the 8-08 bond-length for dravites (Fig 3.5). The r values 
for dravite and fluor-dravite in Figure 3.6 are 0.43 and 0.55, respectively. 
Figures 3.7 and 3.8 show the relationships present between the 8-08 bond-length 
and the angle of the Z-sites in schor! and fluor-schorl. Unlike the trends seen in previous 
species, the trends seen in schor! and fluor-schorl are very weak, even more so than in 
those seen in Figures 3.1 and 3.2. It is possible that the weakness of these correlations is 
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due to a lack of data, as only 10 samples were available to plot. Figure 3.7 shows the 
relationship between Z' -08-8 and 8-08 for schor! and f1~or-schor!. There is not really 
any relationship to speak of, as the r value shown fo r schor! and fluor-schorl in Figure 3.7 
is only -0.16. As the Z' -08-8 bond-angle increases, the 8-08 bond-length decreases, 
albeit not by much. It is worth noting that in the graph shown, schor! has a negative trend 
and fluor-schor! actually has a positive trend. The individual r values for schor! and f1uor-
schor! are -0.55 and 0.43, respectively. These r values are much higher individually than 
the overall r value seen in Figure 3.7. 
Figure 3.8 shows the relationship between the Z-08-8 bond-angle and 8-08 bond-
length for schorl and fluor-schor!. It is unique compared to the data for the elbaites, 
dravites, and uvites (Fig 3.4, 3.6, and 3.10) in that the lrend li ne shown is negative, not 
positive. As the Z-08-8 bond-angle increases, the 8-08 bond-length decreases. There is 
no relationship present as the r value is only 0.12, even smaller than the r value in the 
schor!s and fluor-schorls in Figure 3.7. Unlike the schorls and fluor-schorls in Figure 3.7, 
both trends are negative. However, as with the schorls and fluor-schorls in Figure 3.7, the 
individual r values were much higher than the r value overall. The individual r values for 
schor! and fluor-schorl are -0.21 and -0.42, respeclively. 
Figures 3.9 and 3.10 compare the relationship between the 8-08 bond-angle and 
the angles of the Z-sites for uvite and fluor-uvite ; there is a strong correlation present 
between the angle of the Z-sites and the 8 -08 bond-length. Figure 3.9 shows the 
relationship between the Z' -08-8 bond-angle and 8-08 bond-length for uvite and f1uor-
uvite. There is a strong negative relationship present. As the Z' -08-8 bond-angle 
increases, the 8-08 bond-length decreases. The r value for the uvites and f1uor-uvites in 
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Figure 3.9 is -0.72, which is nearly as strong as the correlation seen for the dravites and 
fluor-dravites (Fig 3.5). The individual ,. values fo r uvite and fl uor-uvi te are -0.85 and -
0.48, respectively. It is worth noting that the r value fo r uvite is the highest seen so far. 
Figure 3.10 shows the relationship between the 2-08-8 bond-angle and the 8-08 bond-
length fo r uvite and fl uor-uvite. There is a moderately strong, positive relationship 
between the 2 -08-8 bond-angle and the 8-08 bond-length. The r value for the uvites and 
fluor-uvites in Figure 3. 10 is 0.45. The relationshi p here is weaker than the relationship 
present between the Z' -08-8 bond-angle and 8-08 bond-length for uvites and fluor-
uvites (F ig 3.9). The individual r values for uvite and fl uor-uvite are 0.73 and 
0.20, respectively. 
3.2 Comparison a/the Z-siles and B-02 bond-length 
Figures 3.11 and 3. 12 show the relationship between the Z' -08-8 and 2 -08-8 
bond-angles and the 8 -02 bond-length for all samples of tourmal ine. In Figure 3. 11 the 
data show that there is a moderate negative relationship present between the angle of the 
Z'-site with the boron triangle and the 8 -02 bond- length. The r value fo r this relationship 
is -0.32. As the Z' -08-8 bond-angle increases, the 8 -02 bond-length decreases. Although 
the overall trend between the Z' -08-8 bond-angle and 8-02 bond-length is stronger than 
the trend between the Z' -08-8 bond-angle and the 8-08 bond-length (Fig 3. I ), the trends 
within species are much weaker than those seen fo r the Z' -08-8 bond-angle and 8 -08 
bond- length (F ig 3.3,3.5, and 3.9). As with the re lationshi p between the 2 ' -08-8 bond-
angle and 8-08 bond-length (Fig 3.1), the data in Figure 3.11 show that chrom ium-
dravite plots very differently than the other species of tourmaline. 
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Figure 3.12 shows the relationship between the 2-08-B bond-angle and the B-02 
bond-length. There is a much stronger correlation present between Z-0-8 bond-angle and 
the B-02 bond-length than is seen between the Z' -08-B bond-angle and the B-02 bond-
length (Fig 3.11). There is a moderately strong positive correlation between the 2-08-8 
bond-angle and B-02 bond-length with an r value of 0.49. As with the data shown in 
Figure 3. 11 , although the overall trend is stronger here than the trend between the 2-08-8 
bond-angle and B-08 bond-length (Fig 3.2), the trends within species are smaller than 
those seen between the 2-08-8 bond-angle and B-08 bond-length (F ig 3.4, 3.6, and 3.8). 
The chromium-rich species chromium-dravite and chromo-a1umino-povondraite are the 
only outliers. 
3.3 Comparison of structural variables in the Z-sites 
Figures 3. 13 and 3. 14 compare the relationship between the Z' -08-B bond-angle 
and the 2' -08 and 2-08 bond-lengths. The trends betwee!l species here are stronger than 
those between the Z- sites and the B-08 bond-length (Figs 3.1 and 3.2). The trends here 
are both positive, however, not negative. Figure 3. 13 shows the relationships between the 
Z' -08-8 bond-angle and the Z' -08 bond-length for all samples. There is a moderately 
strong positive relationship present overall with an r value of 0.49. As the 2' -08-B bond-
angle increases, the Z' -08 bond-length increases as well. The tourmaline species 
chromium-dravite, povondraite, and chromo-alumino-povondraite are outliers and plot 
very differently than all other species. These samples may be skewing the data because 
they plot so differently than the others. Figure 3. 14 shows the relationships between the 
Z' -08-B bond-angle and 2 ' -08 bond-length for all samples. There is almost no 
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relationship present, as the r value shown in Figure 3. 14 is only 0.18. The trend line 
shown is positive, so that as the Z-08-B bond-angle increases, 2 ' -08 bond- length 
increases. Again, the tourmaline species chromium-dravite, povondraite, and chromo-
alurnino-povondraite plot very differently than the other species. 
Figures 3. 15 and 3.16 compare the relationship between the 2-08-8 bond-angle 
and the Z' -08 and Z-08 bond-lengths for all species. As in the relationships between the 
Z'-08-8 bond-angle and the 2'-08 and 2-08 bond-lengths (Figs 3.13 and 3.14), the 
correlations are positive. The relationships present here are stronger than those seen 
between the 2-sites and 8-08 bond-length (Figs 3.1 and 3.2). The Z-08-8 bond-angle has 
a much stronger effect on the Z-08 bond-length than on the Z' -08 bond-length. Figure 
3.15 shows the relationship between the 2-08-8 bond-angle and the 2'-08 bond-length 
for all species. There is a moderate positive relationship present with an r value ofO.3\. 
As the 2-08-8 bond-angle increases, the 2' -08 bond-length increases as well. Chromo-
alumino-povondraite, chromium-dravite, and povondraite are outliers and do not plot 
near the other species of tourmaline. It is possible that these outliers have skewed the 
data. Figure 3.16 shows the relationship between the 2-08-8 bond-angle and the 2-08 
bond-length for all species. There is a moderately strong positive relationship present 
with an r value of 0.54. As the Z-08-8 bond-angle increases, the 2-08 bond-length 
increases as well The relationship present is stronger than the one seen between the 
Z-08-8 bond-angle and 2' -08 bond-length (Fig 3.15). Chromi um-dravite and 
povondraite plot very differently than the other species. 
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Chapter 4: Discussion and conclusion 
4.1 The tilt of the boron triangle 
The Z' -site consistently had a more linear angle with the boron triangle than the 
Z-site. This was the case for all 91 samples of tourmaline for which bond-angle data was 
provided. The angle between the Z' -site and the boron triangle ranged from 133.1 to 
135.4 degrees, while the angle between the Z-site and the boron triangle ranged from 
124.1 to 127.0 degrees. A ISO-degree angle would be perfectly linear, so the angle 
between the Z' -site and boron triangle was closer to linear than the angle between the Z-
site and boron triangle. This supports our hypothesis that the greater influence which the 
Z'-site has on the boron triangle when compared to the Z-site is due to a more linear 
angle between the Z' -site and boron triangle than between the Z-site and boron triangle 
(Table 3.1 ). 
4.2 The effect of the Z-sites on the B-OS bond-length between species 
Overall , there was a very weak relationship present between the angle of the Z-
sites and the B-OS bond-length between species. This means that there is also a weak 
relationship between the angle of the Z-sites and the boron triangle between species. 
Oddly enough, the Z' -OS-B bond-angle did not appear to have a larger effect on the B-08 
bond-length than the Z-OS-B bond-angle, as expected. ThJs is evidenced by the data in 
Figures 3.1 and 3.2 which each had an r value of -0.25. This was unexpected because past 
research by Clark et al. (200S) showed that the Z' -site has a larger effect on the 
stereochemistry of the boron triangle than the Z-s ite. The data in Figures 3.1 and 3.2, 
however, show that the effect of the Z' -OS-B and 2-0S-B and bond-angles on the boron 
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triangle were roughly equal between species. This may have been due to the presence of 
outliers such as chromium-dravite, chromo-a1umino-povondraite, and povondraite, 
particularly because chromium-dravite and povondraite plotted so differently than the 
other species and were underrepresented. 
Both the 2' -08-8 bond-angle and 2-08-8 bond-angle had a negative relationship 
with the 8-08 bond-length. For the 2' -08-8 bond-angle this was expected. As the 
2' -08-8 bond-angle increased, the 8-08 bond-length decreased. This supports our 
hypothesis that a more linear bond-angle between atoms results in a stronger effect 
between these atoms. The 2-08-8 bond-angle also had a negative relationship with the 8-
08 bond-length, which was not expected. It was thought that a larger 2-08-8 bond-angle 
would result in a smaller 2'-08-8 bond-angle and , therefore, a larger 8 -08 bond-length, 
which was not the case. However, it still supports the hypothesis that as a bond-angle 
becomes more linear, the bond-length becomes shorter. 
4.3 The effect of the Z-sites on the B-08 bond-length within species 
While the relationships between the 2'-s ite and the 8-08 bond-length seen in 
Figure 3.1 were weak between species, they were much stronger within species (Table 
4.1). The relationship between the 2' -08-8 bond-angle and 8-08 bond-length between 
species had an r value of only -0.25 (Fig 3.1). However, when species were plotted 
individuall y the trend was still negative, but the r value was much hi gher for most species 
(Figs 3.3, 3.5, and 3.9). 
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Table 4.1 r values for bond-angles vs. bond-
lengths within tourmaline species 
Bond-angle vs. 
Species r value bond-length 
Elbaitel -0.63 2'-08-B vs. B-08 
Fluorelbaite 0.63 2-08-B vs. B-08 
Dravitel -0.76 2' -08-B vs. B-08 
Fluor-dravite 0.66 2-08-B vs. B-08 
Schorll 0.16 2'-08-B vs. 8-08 
Fluor-schor! 0.12 2-08-B vs. B-08 
Uvitel -0.72 2'-08-B vs. 8-08 
Fluor-uvite 0.45 Z-08-B vs. B-08 
The relationship between the 2' -08-B bond-angle and 8-08 bond-length for 
elbaite and fluor-elbaite had an r value of -0.63, showing a strong relationship (Fig 3.3). 
The same was true when the relationship between the 2' -08-8 bond-angle and B-08 
bond-length was plotted for dravite and fluor-dravite (Fig· 3.5). These two species had an 
even higher r value of -0.76, signifying an even stronger correlation. The relationship 
between the Z' -08-B bond-angle and B-08 bond-length for uvite and fluor-uvi te 
followed this same trend, having an r value of -0.72 (Fig 3.7). Uvite, when plotted alone, 
had the highest r value of -0.85 . Oddly enough, schorl and fluor-schorl did not follow this 
trend (Fig 3.9). The 2'-08-8 bond-angle and B-08 bond-length still had a negative 
relationship, but the r value was only -0. 16 which is almost nonexistent and even weaker 
than the value seen between species in Figure 3.1. However, this may be due to a lack of 
samples more than anything else, as only 10 samples were able to be plotted for schorl 
and fluor-schor!' Interestingly, the individual r values fo r schor! and fluor-schorl were 
sti ll fairly high, at -0.55 and 0.43, respectively. Without more samples, however, none of 
the r values for schor! or fluor-schorl are very accurate . Overall , the data plotted in 
Figures 3.3, 3.5, and 3.9 supports our hypothesis, as for most species of tourmaline there 
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was a strong correlation between the Z' -OS-B bond-angle and B-08 bond-length and, 
therefore, the boron triangle. 
Much like the relationships between the Z' -08-B bond-angles and B-08 bond-
lengths within species (Figs 3.3 , 3.5, 3.7, and 3.9), the relationships between the 
Z-08-8 bond-angles and 8-08 bond-lengths within species plotted very differently than 
they did between species. Unlike the data between species shown in Figure 3.2, the 
Z-08-B bond-angle and B-OS bond- length data within species all have positive trends, 
and were, for the most part, much stronger (Figs 3.4, 3.6, ·3.8, and 3.10). For example, the 
relationship between the Z' -08-8 bond-angle and 8-08 bond-length for elbaite and fluor-
elbaite has a positive trend and an r value of 0.63 (Fig 3.4). This is the same r value seen 
for the relationship between the Z' -08-8 bond-angle and B-08 bond-length for elbaite 
and fluor-elbaite but is positive rather than negative (Table 4.1) (Fig 3.3). This indicates 
that the Z' -08-8 and Z-OS-B bond-angles have roughly the same effect on the 8-0S 
bond-length and, therefore, the boron triangle for elbaite and fluor-elbaite, which was not 
anticipated based upon Clark et al. (2008). This al so suggests that the Z' -08-B and 
Z-08-8 bond-angles share a reciprocal relationship with the B-08 bond-length. As the 
Z' -08-B bond-angle gets larger, the B-08 bond-length gets smaller, and as the Z-08-B 
bond-angle gets larger the B-08 bond-length gets larger. 
The relationships between the Z-08-8 bond-angles and B-08 bond-lengths for 
dravite, fluor-dravite, uvite, and fluor-uvite (Figs 3.6 and 3. 10) have very different r 
values than their Z' -08-8 bond-angle counterparts (Table 4.1 ; Figs 3.5 and 3.9). The 
relationship between the Z-08-8 bond-angle and 8-0S bond-length for dravite and fluor-
dravite, for example, has an r value of 0.66 (Fig 3.6). While this r value signifies a strong 
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relationship, it is a weaker one than is seen between the Z' -08-B bond-angle and B-08 
bond-length (Fig 3.5). This indicates that for dravite and fluor-d ravite, the Z' -08-B bond-
angle has a stronger effect on the boron triangle than the Z-08-B bond-angle, which is 
more concurrent with past research. The same is true oft~e corre lation between the 
Z-08-B bond-angle and B-08 bond-length for uvite and fl uor-uvite as we ll , which has an 
r value of 0.45 (Fig 3. 10). This r value is much weaker than the corresponding r value 
seen between the Z' -08-B bond-angle and B-08 bond-length fo r uvite and fluo r-uvite 
(Fig 3.9). 
The relationship between the Z' -08-B bond-angle and B-08 bond- length for 
schor! and fluor-schor! haws a negative trend (Fig 3.8) rather than the posit ive trend 
seen in elbaite, fluor-elbaite, dravite, fluor-dravite, uvite, and fluor-uvite (Figs 3.4, 3.6, 
and 3.10). The r value here was the smallest found at only 0.12, so there doesn't seem to 
be any relationship present at all. Again, it is likely that thi s is due to a lack of samples 
more than anything else. 
Overall this data show that the Z' -08-B bond-angle does have an effect on the 
boron triangle, with the poss ible exceptions of schor! and fl uor-schor! fo r which more 
data is needed. Further, the data show that the Z' -08-B bond-angle has either an equal 
effect on the boron triangle with the Z-08-B bond-angle, as is the case with elbaite and 
fluor-elbaite (Figs 3.3 and 3.4), or a much stronger effect than the Z-08-B bond-angle, as 
in the cases of dravite, fluor-dravite, uvite, and fluor-uvite (Figs 3.5, 3.6, 3.9, and 3.10), 
depending on the species. 
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4.4 The relationship between chemistry and structure 
One of the goals of the research was to detennine the effect of the chemical 
composition of tourmaline species on the Z-site. Unfortunately, no major trends were 
found which would signifY a strong relationship between the chemistry of a species and 
the Z-sites ' bond-angles. There was, however, a minor trend, The data in Figures 3. 1-3. 10 
show that there is a difference in where a species plots depending on whether it has F- or 
(OH)' in its W-site. This was unexpected, as it was assumed that, due to the fact that the 
W-s ite is not situated very near the Z-sites or boron triangle, it should not have a large 
effect, or any effect at all, on the Z' -08-B or Z-08-B bond-angles. However, it was 
consistent ly found that species with (OH)' in the W-s ite would have a larger Z' -08-B 
bond-angle and a smaller Z-08-B bond-angle than species with F' in the W-site. Species 
with the prefix fluor- have F in the W-site, while those without a prefix (excepting 
chromo-alumino-povondraite and povondraite which have 0 ) have (OH)' in the W-site. 
The trend between (OH)' and F' species can be seen in elbaite and fluor-elbaite (Figs 3.3 
and 3.4), in dravite and fluor-dravite (Figs 3.5 and 3.6), and in uvite and fluor-uvite (Figs 
3.9 and 3.10). Schor! and fluor-schor! are the only species which do not follow thi s trend , 
and actually seem to do the opposite. Contrary to what is seen in other species, it appears 
that fluor-schor! has a larger Z' -08-E bond-angle and a smaller Z-08-B bond-angle than 
schor!. Again, the different behavior of schor I and fluor-schor! could be due to a lack of 
samples of these species. Regardless, this does seem to indicate a relationship between 
the chemistry of the W-site and the Z' -08-8 and Z-08-B bond-angles. 
Another trend found involved the species povondraite and chromo-alumino-
povondraite. These two species consistently plotted differently than all other spec ies, 
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usually having much larger bond-angles and bond-lengths than the other species. It is 
likely that thi s is due to the presence of 0 in the W-site, which is a much larger anion than 
F- or (OH)". Povondraite also has the largest unit cell vol ume compared to all other 
species (Clark-McCracken, 2002). A much larger unit cell volume compared to the other 
tourmaline species may be the culprit for why these species plot so differently. As the cell 
gets larger, the bond-angles and bond-lengths likely have to get larger to compensate. 
-u The ejJecl of lhe Z-sites on the B-02 bond-length between species 
Overall , the relationship here was as expected, but with a few quirks . As the 
Z' -08-B bond-angle increased, the B-02 bond-length decreased. Oddly enough, the 
correlation between Z' -08-B bond-angle and B-02 bond-length was stronger than the 
correlation between the Z' -08-B bond-angle and B-08 bond-length (Figs 3.1 and 3.11). It 
was thought that because the 08-site is much closer to the Z' -site when compared to the 
02- site that the Z' -site would have a gteater effect on the 08-site. However, thi s was not 
the case. The r value seen in Figure 3. 11 was -0.32 with a negati ve trend, which, while 
not significantly stronger than the r value seen in Figure 3.1 of -0.25, was still higher. 
Surprisingly, the relationship between the Z-08-B bond-angle and B-02 bond-length seen 
in Figure 3.12 was even stronger. Here there was a positi ve trend with a fairly strong r 
value 0[0.49, much stronger than the trend of the Z' -site with either the B-08 or B-02 
bond-lengths (Fi gs 3.1 and 3.11 ). This to indicates that it is the Z-08-B bond-angle which 
has the stronger effect on the B-02 bond length when compared to the Z' -08-B bond-
angle. 
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4.6 The relationships between the structural variables of the Z-sites 
The trends seen here were not what was expected. The data in Figure 3. 13 shows 
a strong positi ve correlation between the 2' -08-8 bond-angle and the Z '-08 bond-length. 
The r value here is 0.49. It was thought that this relationship should be negati ve so that as 
the 2' -08-8 bond-angle increased, the 2' -08 bond-length should decrease, but the 
opposite appears to be true. However, this could be a result of outliers such as chromium-
dravite and povondraite which plot very differently than the other species and may be 
skewing the trend and r values. Nonetheless, a positi ve trend is evident. The relationship 
between the 2' -08-8 bond-angle and Z-08 bond-length also shows a positive correlation, 
albeit a very weak one with an r value of only 0.18, which is negligible and can barely be 
called a trend (F ig 3.1 4). This shows that the 2'-08-8 bond-angle has a much stronger 
effect on the 2' -08 bond-angle than on the Z-08 bond-angle, which is not surpri sing. It 
makes sense that the 2' -08-8 bond-angle would have a stronger effect on the closer 
2' -08 bond-length rather than the further Z-08 bond-length. It was thought, however, 
that the direction of the trends would be the opposite. 
The data ill Figures 3.15 and 3.1 6 show trends similar to those seen in Figures 
3.13 and 3.14. Both trends were positive, and the Z-08-8 bond-angle has a much stronger 
effect on the Z-08 bond-length than the Z' -08 bond-length. The r value for the 
relationship between the Z-08-8 bond-angle and T -08 bond-length is 0.31 , which is 
moderate (Fig 3.15). However, the r value for the relationship between the Z-08-8 bond-
angle and Z-08 bond-length is 0.54, which is much stronger. Overall, this indicates that 
as the Z' -08-8 and Z-08-8 bond-angles increase, so do the Z' -08 and Z-08 bond-
lengths. Further. the 2' -08-8 bond-angle has a much stronger effect on the Z' -08 bond-
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length than the Z-08-8 bond-angle does, while the Z-08-B bond-angle has a much 
stronger effect on the Z-08 bond-length than the Z' -08-B bond-angle does as would be 
expected. 
4.7 Conclusion 
Overall, the data is supportive of our hypothesis. The Z' -site always has a more 
linear bond-angle with the boron triangle than the Z-site. Further, in most species the Z' -
08-B bond-angle has a larger effect on the B-08 bond-length than the Z-08-B bond-
angle . \Vhile this was not the case in every circumstance, particularly in the cases of 
schor! and fluor-schor! , the fact remains that the Z' -08-B bond-angle is always more 
linear than the Z-08-8 bond-angle and, in the cases of dravite, fluor-dravite, uvite, and 
fluor-uvite, has a much stronger effect on the boron triangle. Unfortunately, there are no 
suggestions based on chemistry as to why the Z' -site should have a stronger control on 
the boron triangle in some species rather than others. It also remains unclear as to why 
the Z-site has a stronger effect on the B-02 bond-length than the Z' -site, particularly 
since past research has shown that the Z' -site has a larger·effect on the boron triangle. 
This may be due to the orientation of the Z- and 02-sites which may possess a more 
linear angle between them than the angle between the Z' - and 02-sites. Lastly, while it 
makes sense for the Z'-08-8 bond-angle to have a greater effect on the T -08 bond-
length than on the Z-08 bond-length due to their much closer proximity, it was 
unexpected for there to be a positive relationship present. The same is true for the Z-08-B 
bond-angle, which has a stronger effect on the Z-08 bond-length than on the Z' -08 bond-
length but which has, unexpectedly, a positive relationship with the Z-08 bond-length. It 
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was thought that as these bond-angles increased to a more linear position that their 
respective bond-lengths would decrease. At the time I have no explanation for thi s 
behavior. Nevertheless, while there are certainly sti ll oddities in the tourmaline structure 
waiting to be explored, the data is supportive of our hypothesis that a more linear bond-
angle in a crystallographic structure will resu lt in greater control over neighboring sites 
than a less linear bond-angle. 
4.8 Fufure Research 
Due to the numerous anomalies in the tourmaline structure, there are plenty of 
avenues available for future research on this enigmatic mineral group. First, a more 
thorough analysis of the species which act as outliers, such as chromo-alumino-
povondraite, povondraite, and chrom ium-dravite, would provide more information on 
why they act in the way that they do, particularly if it involved information on cell 
volume. Second, an explanation fo r why the Z' -site has a stronger effect on the boron 
triangle in some species, such as uvite, than others, such as elbaite, is needed. Lastly, 
there is little explanation for why the Z' -08-8 bond-angle has a greater effect on the 
boron triangle within species compared to between them. 
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Appendix A: Bond-length data for all samples 
Bond-Icn!!th 
Number Species B-08 B-02 Z-08 Z'-08 
CTI Elbaite 1.383 (2) 1.361 (I) 1.90 I (3) 1.887 (3) 
CT2 Elbai te 1.381 (2) 1.353 (I) 1.906 (3) 1.880 (3) 
CD Elbaite 1.3 83 (2) 1.355 (I ) 1.901 (4) 1.882 (4) 
CT4 Elbaite 1.383 (2) 1.356( 1) 1.900 (4) 1.884 (3) 
CT5 Elbaite 1.381 (2) 1.358 (Il 1.898 (3) 1.885 (3) 
CT6 Elbaite 1.380 (2) 1.357 ( I) 1.903 (3) 1.883 (3) 
cn Elbaite 1.383 (2) 1.355 (I) 1.903 (3) 1.883 (3) 
CT8 Elbaite 1.380 (2) 1.357 ( I) 1.898 (4) 1.882 (3) 
CT9 Elbaite 1.379 (2) 1.359 (2) 1.897 (5) 1.886 (4) 
CT IO Elbaite 1.382 (2) 1.355 ( I) 1.904 (4) 1.884 (3) 
CT II Elbaite 1.3 77 (2) 1.363 (I) 1.901 (4) 1.884 (3) 
CT I2 Elbaite 1.3 75 (2) 1.360 ( I) 1.90 1 (4) 1.881 (3) 
CTl3 Elbaite 1.381 (21 1.360 ( I) 1.906 (3)_ 1.882 (3) 
CT I4 Elbaite 1.382 (2) 1.356(1) 1.900(4) 1.884 (4) 
CT I5 Elbaite 1.382 (2) 1.356 ( I) 1.901 (4) 1.883 (4) 
CTI6 Fluor-elbaite 1.386 (2) 1.353 (I) 1.916(3) 1.883 (3) 
CTI 7 Fluor-elbaite 1.387 (2) 1.354 ( I) 1.91 4(3) 1.885 (3) 
CTI8 Fluor-elbaite 1.387 (2) 1.355 (I) 1.913(3) 1.884 (3) 
CTI9 Fluor-elbaite 1.385 (3) 1.351 (I) 1.909 (31 1.880 (31 
CT20 Fillor-elbaite 1.387 (3) 1.351 (l1 1.911 (4) 1.878 (3) 
CTI I Fluor-elbai te 1.383 (2) 1.355 ( I) 1.910 (3) 1.878 (3) 
CT22 Fluor-elbaite 1.386 (3) 1.35 1 ( 1) 1.914 (4) 1.877 (4) 
CTI3 Fluor-elbai te 1.388 (2) 1.348 ( 1) 1.912(3) 1.880 (31 
CT24 Fluor-e lbaite 1.384 (2) 1.354 (I) 1.909 (3) 1.879 (3) 
CTI5 Fluor-el baite 1.384 (2) 1.354 (1) 1.907 (3) 1.882 (3) 
CT26 Fl uor-e lbaite 1.381 (2) 1.353 (I) 1.904 (3) 1.880 (3) 
CTI7 Fluor-e lbaite 1.381 (2) 1.360 ( I) 1.906 (4) 1.885 (3) 
CT28 Fluor-e lbaite 1.381 (2) 1.352(1) 1.902 (4) 1.879 (3) 
CT29 Fluor-e lbaite 1.385 (2) 1.355 ( I) 1.901 (4) 1.885 (3) 
CT30 Fluor-elbaite 1.383 (2) 1.355 (I) 1.812 (3) 1.882 (3) 
CD I Fluor-elbaite 1.3 78 (2) 1.356 ( I) 1.907 (3) 1.887 (3) 
CT32 Fillo r-elbaite 1.385 (2) 1.356 ( 1) 1.915(3) 1.878 (3) 
CT33 Dravite 1.3 76 (2) 1.3 75 ( I) 1.931 (31 1.899 (2) 
CT35 Dravi te 1.377 (2) 1.360 ( I) 1.93 1 (3) 1.891 (3) 
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Bond-Ienoth 
Number Species B-08 B-02 Z-08 Z' -08 
CT36 Dravite 1.3 78 (2) 1.361 (I) 1.925 (3) 1.893 (3) 
CT37 Dravite 1.382 (2) 1.361 (I) 1.927 (2) 1.893 (2) 
CTI8 Dravite 1.376 (2) 1.362(1) 1.919 (3) 1.892 (3) 
CT39 Dravite 1.376{3) 1.367(1) 1.925 (4) 1.892 (4) 
CT40 Dravite 1.3 73 (2) 1.373 ( I) 1.927 (3) 1.906 (2) 
CT41 Dravite 1.372(4) 1.366 (2) 1.928 (6) 1.905 (5) 
CT42 Dravite 1.373 (3) 1.373(1) 1.929(4) 1.900 (3) 
CT43 Dravite 1.375 (2) 1.361 ( I) 1.925 (3) 1.90 I (2) 
CT44 Dravite 1.381 (2) 1.372 (I) 1.929 (2) 1.894 (I) 
CT45 Fillor-dravite 1.380 (2) 1.363(1) 1.926 (2) 1.889 (2) 
CT46 Fluor-dravite 1.385 (2) 1.351 (I) 1.821 (3) 1.884 (3) 
CT47 Fluor-dravite 1.385 (2) 1.359(1) 1.922 (3) 1.889 (2) 
CT48 Fluor-dravite 1.386 (2) 1.360 (I) 1.924 (2) 1.889 (2) 
CT49 Fillor-dravite 1.388 (2) 1.353(1) 1.923 (3) 1.883 (2) 
CT50 Fluor-dravite 1.388 (2) 1.351 (I) 1.921 (3) 1.878 (2) 
CT5 1 Fluor-dravite 1.387 (2) 1.353 (I) 1.922 (3) 1.883 (2) 
CT52 Schor! 1.386 (2) 1.357 (I) 1.926 (3) 1.892 (3) 
CT53 Schor! 1.385 (2) 1.357(1) 1.929 (3) 1.888 (3) 
CT54 Schor! 1.384 (3) 1.358 (I) 1.929(4) 1.893 (4) 
CT55 Schor! 1.3 85 (2) 1.344 (I) 1.915(3) 1.881 (2) 
CTS6 Schor! 1.383 (3) U5 1 (I) 1.924 (5) 1.888(4) 
CT57 Schor! 1.383 (2) 1.358(1) 1.925 (3) 1.891 (2) 
CT58 Schorl 1.384 (4) 1.354 (2) 1.925 (8) 1.886 (7) 
CT59 Fluor-schor! 1.383 (2) 1.353( 1) 1.9 16(3) 1.88 1 (3) 
CT60 Fluor-schor! 1.386 (2) 1.351 ( I) 1.914 (3) 1.878 (3) 
CT61 Fluor-schorl 1.384 (2) 1.354 (I) 1.911 (3) 1.878 (3) 
CT62 Fluor-schorl 1.384 (2) 1.359 (I) 1.917(3) 1.883 (2) 
CT63 Fluor-schor! 1.383 (2) 1.353 (I) 1.918 (3) 1.887_(3) 
CT64 Fluor-uvite 1.3 77 (2) 1.3 7 1 (I) 1.927 (2) 1.893 (2) 
CT65 Fluor-llvite 1.3 77 (2) 1.377 (I) 1.93 I (2) 1.897 (2) 
CT66 FllIor-lIvite 1.376 (2) 1.376 (I) 1.928 (2) 1.894 (2) 
CT67 Fluor-uvite 1.380 (2) 1.380 (I) 1.929 (2) 1.898 (I) 
CT68 Fl lIor-lIvite 1.382 (2) 1.382 (I) 1.929 (2) 1.895 (I) 
CT69 Fluor-uv ite 1.379 (2) 1.379( 1) 1.928 (2) 1.893 (2) 
cno Fluor-uvite 1.381 (2) 1.381 ( I) 1.927 (2) 1.891 (2) 
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Bond-Ien!!th 
Number Soecies B-08 B-02 Z-0 8 Z'-08 
CT71 Fluor-uv ite 1.380 (2) 1.366 (I) 1.926 (2) 1.896 (I) 
CT72 Fluor-uvite 1.378 (2) 1.363(1) 1.927 (2) 1.894 (2) 
Cn3 Fluor-uvite 1.380 (4) 1.376 (1) 1.930 (4) 1.895 (3) 
CT74 Fluor- livite 1.3 79 (2) 1.369 ( I) 1.929 (2) 1.900 (2) 
CT75 Uvite 1.377 (2) 1.368 ( I) 1.930 (2) 1.894 (2) 
CT76 Uvite 1.379 (2) 1.367 (1) 1.930 (2) 1.897 (2) 
CT77 Uvite 1.379 (2) 1.370 (I) 1.935 (2) 1.900 (2) 
CT78 Uvite 1.374 (2) 1.378( 1) 1.93 1 (2) 1.903 (2) 
CT79 Uvite 1.374 (2) 1.372 (I) 1.933 (2) 1.902 (2) 
CT80 Uvite 1.376 (2) 1.368 (I) 1.928 (3) 1.906 (2) 
CT81 Liddicoatite 1.385 (2) 1.355 (J) 1.905 (2) 1.883 (2) 
CT82 Liddicoatite 1.384 (2) 1.355 (I) 1.904 (2) 1.881 (2) 
CT83 Liddicoatite 1.386 (2) 1.35 1 ( 1) 1.907 (2) 1.879 (2) 
CT84 Liddicoatite 1.382 (2) 1.357 (I) 1.905 (2) 1.887 (2) 
CT85 Foitite 1.387 (3) 1.345 (3) 1.919 (9) 1.878 (9) 
CT86 Foitite 1.385 (3) 1.346 (4) 1.917 ( 13) 1.880 ( 12) 
CT87 Foitite 1.382 (4) 1.345 (4) 1.920 ( 12) 1.881 (12) 
CT88 Foiti te 1.385 (3) 134.6(4) 1.906 ( 12) 1.884( 11) 
CT34 Chromo-alum ino-povond raite 1.366 (2) 1.381 ( I) 1.929 (2) 1.904 (2) 
CT89 Chromo-a lumino-povondraite 1.374 (2) 1.380 ( I) 1.924 (3) 1.889 (3) 
CT90 Chromo-a lumino-povondra ite 1.368 (5) 1.3 77 (2) 1.951 (6) 1.940 (5) 
CT91 Chromo-a lumi no-povond raite 1.366 (3) 1.3 7 1 (I) 1.944 (4) 1.920 (3) 
CT92 Chromo-a lumino-povondraite 1.366 (6) 1.402 (2) 1.950 (7) 1.940 (6) 
CT93 Chromo-a lumino-povondraite 1.365 0) 1.384 ( I) 1.943 (4) 1.926 (3) 
CT94 Chromo-alumino~povondra i te 1.371 (3) 1.3 72 ( I) 1.951 (4) 1.941 (3) 
CT95 Chromo-alumino-povondraite 1.368 (3) 1.386( 1) 1.95 1 (3) 1.945 (3) 
CT96 Chromium-dravite 1.358 (5) 1.350 (2) 1.991 (6) 1.985 (5) 
CT97 Chrom ium-drav ite 1.391 (7) 1.305 (3) 1.985 (9) 1.978 (8) 
CT98 Chromium-dravi te 1.366 (10) 1.369 (4) 1.986 (11) 1.978 ( 10) 
CT99 Povondra ite 1.367 (2) 1.388 ( I) 2.00 I (3) 1.977 (2) 
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Appendix B: Bond-angle data for a\l samples 
BOlld-anale 
Number Soecies 02-B-08 Z-08-B Z'-08-B 
CTI Elba ite 12 1.4( 1) 124.5 (2) 133.5 (2) 
CT2 Elbaite 12 1.3( 1) 124.812) 133.4 (2) 
CTI Elbaite 12 1.5 (2) 124.5 (3) 133 .S (3) 
CT4 Elbaite 121.5 (2) 124.6(3) 133.5(3) 
CTS Elbaite 121.4(1) 124.7 (2) 133.3 (2) 
CT6 Elbaite 121.4 (I) 124.8 (2) 133.6 (2) 
cn Elbaite 121.5 (I) 124.6 (2) 133.5(2) 
CT8 Elbaite 12 1.5( 1) 124.3 (3) 133 .5 (3) 
CT9 Elbaite 121.5 (2) 124.3 (3) 133.6 (3) 
CTIO Elbaite 12 1.4 (2) 124.6 (3) 133.4 (3) 
CTl I Elbaite 12 1.2 (2) 124.7(3) 133.5 (3) 
CT I2 Elbaite 12 1.3 ( I) 124.5 (3 ) 133 .6 (31 
CTI 3 Elbaite 121.2(2) 125 .1 (2) 133 .1 (2) 
CTI 4 Elbaite 121.4(2) 124.7 (3) 133.5 (3) 
CTI5 Elbaite 121.6 ( I) 124. 1 (3) 133.7(3) 
CTI 6 Fl uor-elbaite 121.1 (2) 125 .2 (2) 133.1 (2) 
CTI 7 Fl uor-e lbaite 12 1.2 ( I) 125.2(2) 133.2(2) 
CT I8 Fl uor-elbaite 12 1.1 ( 1) 125 .2 (2) 133.1(2) 
CT I9 Fl uor-elbaite 121. I (2) 125.4 (2) 133.0 (2) 
CT20 Fluor-elbaite 121.2(2) 125 .2(3) 133.1 (3) 
CT2 1 Fluor-elbaite 120.0 (2) 125.3 (2) 132.9 (2) 
CT22 Fluor-elbaite 120.0 (2) 125.3 (3) 133 .1 (3) 
CT23 Fluor-elbaite 12 1.2 (2) 125.4 (2) 133. 1 (2) 
CT24 Fluor-elbaite 121.2 (2) 125.2 (2) 133.1 (2) 
CT25 Fluor-elbaite 12 1.4 (2) 124.9 (2) 133.3 (2) 
CT26 Fluor-elbai te 12 1.3 (2) 125.0 (2) 133 .2 (2) 
CT27 Fluor-elbaite 121.2 (2) 125 .0 (3) 133 .3 (2) 
CT28 Fl uor-elbai te 12 1.5 (2) 124.6 (3) 133.5 (3) 
CT29 Fluor-elbaite 12 1.4 (2) 124.9 (3) 133.2 (31 
CT30 Fluor-elbaite 12 1. 1 ( I) 125.3 (2) 133.1 (2) 
CT3 1 Fluor-elbaite 12 1.2(2) 
CT32 Fluor-elba ite 120.9 ( I) 125 .7 (2) 132.7 (2) 
CT33 Drav ite 120.6( 1) 125 .3 (2) 133 .5 (2) 
CTI5 Dravite 120.6 (2) 125.7 (2) 133. 1 (2) 
CT36 Dravite 120.8 ( 1) 125.4 (2) 133.4 (2) 
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Bond-an«le 
Number S Decies 02-B-08 Z-08-B Z'-08-B 
CTI7 Dravite 120.7 (2) 126.3 (2) 132.5 (?) 
CT38 Dravite 120.8 (2) 125.4 (2) 133.4 (2) 
CT39 Drav ite 120.9(2) 125.4(3) 133.4 (3) 
CT40 Dravite 120.6(1) 
CT41 Dravite 120.5 (3) 125.9 (4) 133.1(4) 
CT42 Dravite 120.8 (2) 125.2 (3) 133 .7(3) 
CT43 Dravite 120.8 (I) 125.4(2) 133 .5 (2) 
CT44 Dravite 120.5 (I) 126.8 ( 1) 132.2 ( 1) 
CT45 Fluor-dravite 120.8 (2) 
CT46 Fluor-dravite 122. 1 (2) 
CT47 Fluor-dravite 120.9(1) 126.0 ( 1) 132 .9 (2) 
CT48 Fluor-dravite 120.9(2) 126.1 (2) 132.8 (2) 
CT49 Fluor-dravite 120.7 (I) 126.2 (2) 132.5 (2) 
CT50 Fl uor-dravite 120.9 (I) 126.0 (2) 132.7 (2) 
CT51 Fluor-drav ite 120.6 (1) 126.2 (2) 132.5 (2) 
CT5 2 Schorl 120.6 (2) 126. 1 (2) 132 .7 (2) 
CT53 Schorl 120.4(1) 126.3 (2) 132.5 (2) 
CT54 Schorl 120.4 (2) 126.4 (3) 132.7 (3) 
CT55 Schorl 120.9(1) 125.7 (2) 132.7 (2) 
CT56 Schorl 120.6 (2) 125.9 (3) 133 .0 (3) 
CT57 Schorl 120.6 (I ) 126.4 (2) 132.7 (2) 
CT58 Schorl 120.6 (3 ) 
CT59 Fluor-schorl 120.9 (2) 125.4 (2) 133.0 (2) 
CT60 Fluor-schorl 121.0(2) 125.3 (2) 133 .1 (2) 
CT61 Fluor-schorl 120.8 (2) 125 .5(2) 132.9 (2) 
CT62 Fluor-schorl 120.7 (2) 125.7 (2) 132.7 (2) 
CT63 Fluor-schorl 120.9 (2) 
CT64 Fluor-uvite 120.5(1) 126.4 (2) 132.5 (2) 
CT65 Fluor-livite 120.5 (1 ) 126.9 (I) 132.2(1) 
CT66 Fluor-uvite 120.5 (2) 126.5 (2) 132.5 (2) 
CT67 Fi llor-uv ite 12M ( I) 126.6 (I) 132.3 ( I) 
CT68 Fluor-uvite 120.6 (1) 126.8 ( 1) 132. 1 ( 1) 
CT69 Fluor-uvite 120.6 (2) 126.6 (?) 132.3 (2) 
CT70 Fluor- li vite 120.6 (2) 126.3 (2) 132.4 (2) 
CT7 1 Filior-livite 120.7 (1 ) 126.5 (I) 132.3 (I) 
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Bond-aoole 
Number Species 02-B-08 Z-08-B Z'-08-B 
CT72 Fluor-uv ite 120.6 ( I) 125.9 (2) 132.9 (2) 
CT73 Fluor-uvi te 120.5 (3) 127.0 (3) 132 .1 (3) 
CT74 Fluor-uvi te 120.7 (2) 
CT75 Uvite 120.6( 1) 126.5 (I) 132.5 (2) 
CT76 Uv ite 120.6 (2) 126.5 (2) 132.5 (2) 
CT77 Uvite 120.5 (2) 126.6 (2) 132.4 (2) 
Cn8 Uvite 120.7 ( I ) 125.9 (2) 133 .0 (2) 
CT79 Uvite 120.5 ( I ) 126.4 (2) 132.7 (2) 
CT80 Uvite 120.4 (2) 126.4 (2) 132.6 (2) 
CT81 Liddicoatite 12 1.6 ( I) 125.1 (2) 133 .0 (2) 
CT82 Liddicoatite 12 1.5 (I ) 125.0(1) 132.8 (2) 
CT83 Liddicoatite 12 1.3 (2) 125 .3 (2) 132 .7 (2) 
CT84 Liddicoatite 12 1.4 (2) 125 .2 (2) 132.7 (2) 
CT85 Foitite 120.8 (2) 125.5 (7) 133.3 (6) 
CT86 Foitite 120.6 (3) 125.7 (9) 132.9 (9) 
CT87 Foitite 120.5 (3) 125.8(9) 133.0 (8) 
CT88 Foiti te 121.2 (2) 124.8 (8) 133.4 (8) 
CT34 Chromo-alumino-povondraite 120.5 ( I) 125.8 (2) 133.4 (2) 
CT89 Chromo-alumino-povondraite 120.5 (I ) 126.2 (2) 131.1 (2) 
CT90 Chromo-alumino-povondrai te 120.7 (4) 126. 1 (4) 133.6 (6) 
CT91 Chromo-alumino-povondraite 120.3 (2) 126.3 (2) 133.2 (2) 
CT92 Chromo-alumino-povondrai te 120.4 (5) 125.7 (5) 133.7 (5) 
CT93 Chromo-a lumino-povondraite 120.3 (2) 126.0(3) 133 .5 (3) 
CT94 Chromo-alumino-povondraite 120.7(2) 125 .8 (3 ) 133 .8 (3 ) 
CT9 5 Chromo-alumino-povondra ite 120.5 (2) 125.9(2) 133.8 (2) 
CT96 Chromium-drav ile 120.9 (3) 126.0 (5) 135.0 (4) 
CT9 7 Chromium-dravile 12 1.9(5) 125 .0 (7) 135.4 (7) 
CT98 Chromium-drav ite 120.8 (7) 
CT99 Povond raite 120.0 (2) 126.5 (2) 133 .8 (2) 
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